Background. Shrimps are one of the most valuable marine resources of Oman and shrimp fi sheries is greatly contributing to the national economy, and sustainability of traditional fi sheries villages. However, the shrimp trawl fi shery has one of the highest bycatch rate of any fi shery and cause negative impacts to marine populations and benthic habitats. This study provides the fi rst data on the c omposition and abundance of the bycatch in the main shrimp fi shing grounds distributed along the south-eastern coastline of Oman in the Arabian Sea. Materials and methods. Shrimp trawl survey was conducted monthly from January to December 2013 in seven sites using demersal otter trawl. Overall, 93 trawl catches were used for the analysis of the bycatch composition based on weight, number, and frequency of occurrence. Top ten species and top fi sh families, cephalopods, and crabs were defi ned in the bycatch. The bycatch compositions were compared in different regions using biodiversity indices and the cluster analysis. , in different months with an overall mean (±SE) of 58.7 ± 5.2 kg · h -1 (n = 93). The bycatch to catch ratio was estimated 8.9 : 1 for shrimp fi sheries. This ratio fl uctuated signifi cantly over the year with minimum values from April to September. The bycatch composition included 97 bony fi sh species from 36 families, 12 species from 7 elasmobranchs families and several species of cephalopods and crabs. Catfi shes (Ariidae), frogfi sh (Antennariidae), ponyfi shes (Leiognathidae), and rays (Dasyatidae and Gymnuridae), represented a majority of the bycatch. Conclusion. Shrimp fi shery in Oman is affecting mainly small-sized and slow-moving fi shes, and invertebrates with low economic value. However, the fi ne-meshed shrimp trawls also capture juveniles of commercial important fi shes and cause some ecological problems. The results from the study point out the necessity of management actions to develop a special policy on bycatch reduction in Oman fi sheries.
INTRODUCTION
Shrimps are one of the most commercially important shellfi sh resources of Oman greatly contributing to the national economy, consumed on the local market as valuable seafood, and considered an important export commodity. The shrimp fi shery plays an important role in rural employment and sustainability of the traditional way of life of Omani people in fi sheries villages.
The shrimps are actually harvested in the coastal areas of Al-Wusta, south Al-Sharqiyah and the northern part of Dhofar provinces. Al-Wusta alone contributes approximately 99% of the total shrimp landings, in which Mahout (Masirah Gulf) is the most productive area. According to fi sheries statistics (Anonymous 2014), in 2010, nearly 854 t were landed and 790 t of which were exported, earning more than $5 million. In 2011, the catch was 952 t and it decreased to 740 t in 2013. To prevent overexploitation of the shrimp and to provide more time for spawning and subsequent growth of the species, the Ministry of Agriculture and Fisheries Wealth shortened the harvest season from seven months (September-March) to three months (September-November) in 2013.
According to fi shery legislation, shrimp fi shing is limited to Omani fi shers operating small fi berglass boats and using only fi shing nets, in addition, all fi shers must return to the sea any living small fi sh that may be found in their catch of shrimp. Historically, traditional fi shers use hand casting nets, lately however, they started using bottom otter board trawl nets targeting shrimp in the region. The number of fi shing boats, operating in the shrimp fi shery, was 378 in Al-Wusta and 18 in Al-Sharqiyah in September 2013 (Anonymous 2014 .
Bycatch is generally regarded as a major issue in worldwide fi sheries. Shrimp trawl fi sheries, particularly for tropical species, were found to generate more discards than any other fi shery type and account for just over onethird of the global total (Alverson et al 1994) . Aggregate discards from the shrimp fi sheries (Saudi Arabia, Kuwait, Iran, Bahrain, and Pakistan) total approximately 100 000 t (Kelleher 2005) . In the northwest Indian Ocean, bycatch has been reported for the Pakistani shrimp trawl fi shery (Shakir and Bano 1999) , Indian shrimp fi sheries (Gibinkumar et al. 2012 , Mahesh et al. 2014 , Iranian shrimp fi sheries Daliri 2012, Kazemi et al. 2013) , and Kuwaiti shrimp trawl fi shery (Chen et al. 2013) , no information, however, has been published concerning bycatch in the shrimp fi shery in Oman. This study is the fi rst attempt to analyse the bycatch composition, defi ne the main species, and tendencies in their spatial-temporal distribution of the occurrence, and provides assessments of bycatch rate for Oman's shrimp trawl fi shery operating in the Arabian Sea.
MATERIAL AND METHODS
Sampling operations were carried out in seven shrimp fi shing sites: Ras Markaz, Duqm, Khaluf, Attinah, Alreesh, Al-Godn (Al-Wusta region), and Shanaah (Al-Sharqiyah region) throughout January-December in 2013 (Fig. 1) . Usually, three sites were sampled each month and three replicate trawls were undertaken in each site (nine trawls in all each month). Overall, 93 trawl catches were used for the analysis of the bycatch composition.
The casting net, which traditionally used to catch shrimps in the region, initially was included as a sampling gear for the survey, however it was impossible to use due to lack of obvious shrimp schools in the shallow waters, therefore, only a small-scale otter trawl was used in this survey. This demersal otter trawl is a cone-shaped net of total length 8.5 m, mouth width 12 m and height 2.8 m when open. Mesh sizes in the trawl net and belly were 20 mm and 10 mm at the codend. Two beams, fl oats, and weights maintain the horizontal opening of the trawl while it is towed. This trawl is designed for a shallow water fi shery at depth between 3−12 m only. The trawl was towed with a fi berglass fi shing boat of 7.6 m length and 1.2 m width, powered by one or two outboard engines of 56 kW (75 HP). The tow duration during the survey was 30 min with tow speed ranging between 5.6-6.5 km · h -1 (3.0-3.5 knots).
After unloading of the total catch on land, it was placed into cool boxes for further analysis in the laboratory. If any rays or turtles encountered in the bycatch, they were immediately measured and returned alive into the sea. The same methodology was followed throughout the three operations in the study site during that day. At the lab, target shrimp and bycatch species were sorted and identifi ed using identifi cation guides (Fischer and Bianchi 1984 , Al-Abdessalaam 1995 , Randall 1995 . Scientifi c fi sh names follow FishBase (Froese and Pauly 2015) . The fi shes and invertebrates were counted, weighed, and minimum and maximum length was measured in each sample. Dominant bycatch families and species were calculated based on weight, number, and frequency of occurrence.
To compare the bycatch composition and abundance in different areas, the diversity indices were estimated and the cluster analysis was conducted using BioDiversity Pro software
RESULTS
Three penaeid shrimp species, which are targeted by the fi shery, were found in these trawl catches: Green tiger prawn, Penaeus semisulcatus, Indian white prawn, Penaeus indicus, and Peregrine shrimp Metapenaeus stebbingi.
The data on total catches of the shrimps and bycatch species during the survey are summarized in Table 1 . The total shrimp catch from 93 trawls was 305.6 kg, and the mean catch (± standard error of the mean) per trawl per hour was 6.6 ± 1.41 kg · h . The overall contribution of the shrimps and bycatch species in the total catch was 10.1% and 89.9%, respectively. The bycatch to shrimp catch ratio (B : S) from the trawling shrimp fi shery in Oman was estimated at 8.9 : 1.
The bycatch species dominated in all cases, although the catches and the ratio are notably fl uctuated throughout the year. Higher shrimp catches were observed from April to September during the transition and southwest monsoon seasons, with the highest mean values of 34.5 ± 5.8 kg · h -1 and 24.0 ± 6.8 kg · h -1 in May and June, respectively (Table 1 ). The bycatch was higher (43.2-191.5 kg · h -1 ) from November to May during the northeast monsoon and was the lowest (22.2-35.9 kg · h -1 ) from August to October. However, the bycatch to shrimp catch ratio had slightly different trend. The B : S ratio was low (1.4-6.4 : 1) from April to September. During the open shrimp-fi shing season (September-November), the bycatch sharply increased and in November the B : S ratio reached 104.1 : 1, the maximum 117.4 : 1 was observed in January.
The bycatch in the shrimp fi shery in Oman is characterized by high diversity and usually consists of a variety of marine species of fi nfi sh, squids and crabs. The number of species and groups (crabs were not identifi ed to a species level), occurred during the sampling in a bycatch, ranged from 8 to 32, on the average 20 fi sh species and some species of crabs and squids were found in each catch. The portion of the main groups in total weight was estimated as follows: bony fi shes (Osteichthyes) 70.2%, cartilaginous fi shes (Chondrichthyes) 26.4%, crabs (Malacostraca) 1.7%, squids and cuttlefi shes (Cephalopoda) 1.5%, other invertebrates 0.2%.
The taxonomic composition of the bycatch species is presented in Table 2 . The composition included 97 bony fi shes from 36 families, 12 elasmobranch species from 7 families, squid (Sepioteuthis lessoniana), cuttlefi sh (Sepia pharaonis), and several unidentifi ed species of crabs. From the bony fi shes, the most diverse families with the highest number of species were Carangidae (9), followed by Haemulidae (8), Sciaenidae (6), and Clupeidae (5). From the elasmobranchs, Dasyatidae had the majority of species (4), followed by Rhinobatidae (2) and Torpedinidae (2). Two species of shark, Carcharhinus melanopterus (Quoy et Gaimard, 1824) and Stegostoma fasciatum (Hermann, 1783) , occurred in the catches. The 13 families of bony fi shes and 3 families of elasmobranchs were represented by one species.
The bulk of the bycatch in weight constituted three families of bony fi shes (Antennariidae, Ariidae, Leiognathidae) and two ray families (Gymnuridae and Dasyatidae), that represented together 54.7% of the total catch (Table  3) . Same three families of bony fi shes (Leiognathidae, Ariidae, and Antennariidae) were also more abundant, accounting for 63.0% of the total catch in number of individuals. The species from these bony fi sh families were recorded in 80.6%, 63.4%, and 21.5% of trawl tows year round.
Top ten fi sh species in the bycatch in weight and number are shown in Only fi ve species of bony fi shes including Terapon puta Cuvier, 1829 (Terapontidae); Cynoglossus bilineatus (Lacepède, 1802) (Cynoglossidae); Sardinella albella (Valenciennes, 1847) (Clupeidae); Lagocephalus guentheri Miranda Ribeiro, 1915 (Tetraodontidae); and Saurida tumbil (Bloch, 1795) (Synodontidae); two rays: Gymnura poecilura (Shaw, 1804) (Gymnuridae) and Himantura imbricata (Bloch et Schneider, 1801) (Dasyatidae); cuttlefi sh Sepia pharaonis (Sepiidae); and crabs occurred in more than 50% collected samples.
The richest site in the bycatch diversity (78 species) was Duqm, followed by Al-Godn (76) and Khaluf (68) (Fig. 2A) . The lowest number of the bycatch species was registered on the outer sites as Ras Markaz (20) and Shanaah (26) .
The higher bycatch rate in weight with means ranged between 60-70 kg · h -1 was in southern sites of Ras Markaz, Duqm and Khaluf ( Fig. 2A) . Notably lower catches was observed in the central area between Attinah, Alreesh and Al-Godn (mean 20-25 kg · h -1
). The picture of the bycatch rate in numbers is different (Fig. 2B) . The highest number of individuals per trawl per hour was registered in Shanaah (1996 ind. · h -1 ) and the lowest in Attinah (237 ind. · h -1 ). Tables 3 and 4 also show differences between studied sites in the bycatch rate (in weight and numbers) of the dominant families and species, respectively. Three most important families sampled in Ras Markaz were Tetraodontidae (31.3%), Gymnuridae (14.3%), and Sillaginidae (14.1%). The dominant species here were Gymnura poecilura, Lagocephalus guentheri, and Sillago sihama (Forsskål, 1775) . The frogfi sh Antennarius coccineus was the most abundant bycatch species in Duqm that contributed 28.4% in weight and 19.3% in total number of collected samples. Representatives of rays-G. poecilura and Himantura uarnak (Gmelin, 1789)-took second and third place in weight, while in numbers second dominated fi shes was from family Leiognathidae-Aurigequula fasciata (Lacepède, 1803) and Photopectoralis bindus). Similar bycatch composition and structure were observed in Khaluf. The dominant families (in weight) here were presented by rays (Gymnuridae, Dasyatidae) and catfi shes (Ariidae), whereas in numbers by ponyfi shes (Leiognathidae) and catfi shes (Ariidae). The main shrimp fi shing ground of Oman is located in Masirah Gulf (Mahout region), therefore the majority of our study sites were concentrated in this region. Three sites (Attinah, Alreesh, and Al-Godn) are located very close to each other (Fig. 1) . This region was the richest in the bycatch diversity (78 species and 37 families), but had the lowest rate in relative bycatch weight per sample (Fig. 2) . The frogfi sh A. coccineus (Antennariidae) was found the most abundant species in weight and numbers in Attinah, besides significant part of the catches comprised rays (G. poecilura and Himantura imbricata). The dominant families in Alreesh and Al-Godn were Leiognathidae, Ariidae and Gymnuridae and dominant species here was P. bindus (Leiognathidae). The Leiognathus oblongus (Leiognathidae) absolutely dominated in catches in Shanaah. The largest catches of cuttlefi sh (Sepia pharaonis) were found in southern part of the studied region in Ras Markaz and Duqm. Crabs were more common in Masirah Gulf (Attinah, Alreesh and Al-Godn). Several specimens of blacktip reef shark (Carcharhinus melanopterus) were caught in Duqm and Khaluf.
Concerning the size composition of the catches, it is worthy to note that rays (Dasyatidae, Gymnuridae, Rhinobatidae, and Torpedinidae) were presented by large-sized specimens (up to 120 cm, mean approximately 30 cm), so they constituted a signifi cant portion of the bycatch in weight, however in most cases they occurred rarely and their number was low. Total length of other fi shes varied from 2.0 to 54.0 cm (mean 15.8 cm). Such dominant fi sh as Antennarius coccineus (Antennariidae) had length ranged between 5 and 43 cm (mean 20.2 cm). Mean length of the catfi shes (Arius maculatus (Thunberg, 1792) ; Netuma bilineata (Valenciennes, 1840) ; Netuma thalassina; and Plicofollis tenuispinis) was 18.0 cm (range 5-46 cm). The length of ponyfi shes varied from 4 to 26 cm, mean length was about 10 cm.
According to the calculation of biodiversity indices, the level of bycatch diversity in studied sites was very high and the highest values of Shannon-, Simpson-, and Hill's indices were found in Alreesh and Al-Godh sites, while lower species diversity with few dominant species was more typical for Shanaah (Table 5) . However, on the data of the calculation of the Margalef's index of the community diversity, the higher index and the greater diversity was registered in Attinah.
The dendrogram was constructed to express the result of the cluster analysis based on the weight data (Fig. 3) . The Bray-Curtis cluster analysis separated the studied sites into six groups. The cluster plot showed a high degree of similarity between Alreesh, Attinah, and Al-Godn, and more similarity of these sites with Duqm and Khaluf, while more differences were displayed between Ras Markaz and Shanaah.
The seasonal changes in composition, weight, and numbers of the bycatch species were observed during the survey. Overall, bony fi shes had the higher catches during northeast monsoon period from October to May. Elasmobranchs were more abundant in November-April. On the contrary, cephalopods and crabs have occurred more frequently during southwest monsoon in June-July and from June to October, respectively. Among bony fi shes, representatives of families Antennariidae occurred in larger quantities in February and May, Ariidae were more abundant between November and January, and Leiognathidae in April-May (Fig. 4A) . Among ray species, Gymnuridae was found more frequently from November to January and Dasyatidae in February−April (Fig. 4B ). During open 3-months shrimp-fi shing season (September−November) in the bycatch by weight dominated sea catfi shes (Ariidae), rays (Gymnuridae), and ponyfi shes (Leiognathidae).
DISCUSSION
During the presently reported survey, the mean bycatch to shrimp catch ratio was estimated at 8.9 : 1. There are many estimates of the bycatch/shrimp ratio for international shrimp trawl fi sheries. Our results correspond to the rate and composition of the bycatch in Kuwaiti shrimp fi shery (ratio 13.7 : 1) in the Arabian Gulf (Chen et al. 2013) and Iranian shrimp fi shery (ratio 7 : 1) in the Bushehr coastal waters of the northern Arabian (Persian) Gulf ( These shrimp trawl fi sheries are characterized not only by a great amount of bycatch biomass, but also by a high taxonomic diversity and similarity of marine animals. Specifi cally, Paighambari and Daliry (2012) found 114 species from 45 bony fi sh families, 13 species from 7 elasmobranch families, and 13 species from 13 invertebrate families. Chen et al. (2013) recorded 92 species of bony fi shes, 6 species of sharks and rays, 3 species of cephalopods, and at least 10 species of crustaceans. We recorded 97 bony fi sh species from 36 families, 12 elasmobranch species from 7 families, and several species of cephalopods and crabs. Despite the high diversity these fi sheries, usually very few species and families dominate in the bycatch. Paighambari and Daliry (2012) found in Iran predominance representatives of bony fi sh families Mullidae, Ariidae, Leiognathidae, Haemulidae, Clupeidae, rays Dasyatidae and Myliobatidae, and large biomass of crabs. Chen et al. (2013) reported that in the bycatch of Kuwaiti fi shery the most dominant species were bony fi shes Saurida tumbil (family Synodontidae), Nematalosa nasus (Bloch, 1795) (Clupeidae), Sphyraena fl avicauda Rüppell, 1838 (Sphyraenidae), Acanthopagrus latus (Houttuyn, 1782) (Sparidae), Otolithes ruber (Bloch et Schneider, 1801) (Sciaenidae), and blue crab, Portunus pelagicus. During our study, we also found all these families and species (excluding S. fl avicauda), however the bycatch structure was different. According to our data, the fi sh families that dominated in the bycatch in the Omani shrimp fi shery in biomass, number of individuals, and frequency of occurrence were Ariidae, Antennariidae, Gymnuridae, Dasyatidae, and Leiognathidae. The most abundant species found were Gymnura poecilura, Himantura uarnak, Antennarius coccineus, Netuma thalassina, Plicofollis tenuispinis, and Photopectoralis bindus. The large number of species registered with, however, the numerical predominance of very few of them, was characteristic of the shrimp trawl bycatch in tropical waters (Clucas 1998) .
Calculation of diversity indices showed that the diversity and similarity of the bycatch composition in various studied sites of Oman was very high. The cluster analysis indicated a greater similarity among sites from the nearby geographical areas, especially among central sites Attinah, Alreesh, and Al-Godn. The marginal sites showed the higher rate of the bycatch animals in weight (Ras Markaz, Duqm, Khaluf) and numbers (Shanaah). This fi nding indicated that Attinah, Alreesh, and Al-Godn (so-called Mahout region) is the best place for the shrimp trawl fi shery from a resource conservation point of view, because it has the lowest rate of the bycatch species. The results of the presently reported study also showed that the period of the lowest bycatch rate was observed from June until September, which coincides with the southwest monsoon. However, during this monsoon season the water is very rough in the Arabian Sea and the shrimp trawl fi shery is limited. The lower bycatch to shrimp catch ratio also was observed during pre-monsoon months (April-May), so it can be recommended to consider the shift of the current shrimp fi shing season from September-November to March-May.
From the bony fi shes and rays registered during the current study, the majority was demersal, living on muddy sand bottoms and in rocky reefs of shallow inshore waters and offshore banks. The predominance of rays, catfi shes, frogfi sh, and ponyfi shes in weight as well as in numbers may be attributed to the importance of these species for this geographical region and biotope. Pelagic species as representatives of family Clupeidae and Engraulidae constituted very small part of the catch.
Small-sized specimens and slow-moving animals represented the majority of fi shes caught by the shrimp otter trawl. Species caught as a bycatch are mainly non-edible (frogfi sh) or with low economic value (catfi shes, rays, ponyfi shes, etc.). Economically valuable species, like carangids, clupeids, mugilids, mullids, and sparids were caught more often in juvenile stages, which threatens their population structure, and potential yields in artisanal fi sheries targeting these species. Similarly, for the same reason, other species of fi sh, crabs, squids, and cuttlefi sh found in the bycatch may be threatened. It is worthy to note that fi shers usually do not discard the bycatch back to the sea, but retain it on board and then use it for personal consumption, give it to helpers, or sell it on the local fi sh market. Although shrimp trawl fi sheries provide social and economic benefi ts, they produce ecological problems and affect other fi shery activities that need special consideration. It is possible that the heavy exploitation of shrimp would have led to a situation favourable for the thriving of the undesirable species, which occupy similar ecological niches in estuaries and coastal ecosystems. In addition, knowledge of the effect of trawl gear on the bottom living resources is important as many estuarine fi sh species de-pend on these organisms as food sources. Ali et al. (1993) found that crabs, shrimps, and molluscs are the major food items for the demersal fi sh assemblage in the Northwest Arabian Gulf.
The presently reported study is the fi rst research of the bycatch level and species composition from shrimp trawl fi sheries in Oman. However, much more work still needs to be done for better understanding what environmental factors (such as habitat parameters, temperature, salinity, depth, etc.) and biological factors (species composition, spawning, migrations) are the most important determinants of spatio-temporal changes of the bycatch structure and abundance. In addition, there has been a need to improve the fi shing techniques and methods (boats, gears, mesh size, tow duration, etc.) to increase shrimp landings and reduce bycatch from such complex marine ecosystem.
The results from the study on the bycatch of the shrimp trawl fi shery in Oman point out the necessity of management actions to maintain both a shrimp fi shery industry and the ecosystem functioning that sustain it. Basically, it is necessary to develop Oman's policy on bycatch reduction not only for the shrimp fi shery but also for other fi shery activities.
